The Cucumber necrosis virus (CNV) particle is a T‫3؍‬ icosahedron composed of 180 identical coat protein (CP) subunits. Each CP subunit includes a 34-amino-acid (aa) arm which connects the RNA binding and shell domains. The arm is comprised of an 18-aa "␤" region and a 16-aa "" region, with the former contributing to a ␤-annular structure involved in particle stability and the latter contributing to quasiequivalence and virion RNA binding. Previous work has shown that specific regions of the CNV capsid play important roles in transmission by zoospores of the fungal vector Olpidium bornovanus and that particle expansion is essential for this process. To assess the importance of the two arm regions in particle accumulation, stability, and virus transmission, five CP arm deletion mutants were constructed. Our findings indicate that ␤(؊) mutants are capable of producing particles in plants; however, the arm(؊) and (؊) mutants are not. In addition, ␤(؊) particles bind zoospores less efficiently than wild-type CNV and are not fungally transmissible. ␤(؊) particles are also less thermally stable and disassemble under swelling conditions. Our finding that ␤(؊) mutants can accumulate in plants suggests that other features of the virion, such as RNA/CP interactions, may also be important for particle stability.
The capsids of many plant and animal viruses are multifunctional (2) , having roles in genome protection, cell-to-cell and long-distance movement within plants (4) , vector transmission (9, 16, 21, 25) , replication (1) , and suppression of gene silencing (22, 34) . Structural studies of several plant viruses have revealed that the overall architecture of the Tϭ3 capsid can be highly conserved between otherwise divergent virus groups, including those of several animal viruses (14) . The structures of many plant virus particles have been obtained, and several in vitro studies have been conducted to assess the roles of the different structural domains in particle integrity and assembly, but few in vivo studies have been conducted. Moreover, fewer studies that relate the various structural domains to other possible functions of viral capsids have been reported.
Cucumber necrosis virus (CNV), a member of the Tombusviridae family, is a 33-nm spherical virus that encapsidates a monopartite, positive-sense RNA genome (28) . In nature, transmission of CNV occurs via zoospores of the fungus Olpidium bornovanus, in which zoospore-bound particles are transmitted to cucumber following zoospore entry into root cells (3, 25) . Based on structural homology to Tomato bushy stunt virus (12, 15) , CNV is a Tϭ3 icosahedron consisting of 180 identical 41-kDa coat protein (CP) subunits. Each subunit consists of three major structural domains: the R domain, which extends interiorly in the capsid; the S domain, which forms the shell of the capsid; and the P domain, which projects outward from the capsid. The P and S domains are joined by a 5-amino-acid (aa) hinge, and the R and S domains are connected by a 34-aa arm (Fig. 1A) . The CP subunit exists in three different conformations, designated A, B, and C. In the C subunit, the arm is ordered and the R domain is spatially disordered, whereas in the A and B subunits, both the arm and R domain are disordered. The CP arm can be divided into two structurally distinct regions, "␤" and "ε" (Fig. 1B) . The ␤ regions from three C subunits interdigitate at the particle threefold axis to form a ␤-annular structure (Fig. 1C ) that contributes to particle stability and possibly to assembly as well. Similar structural regions within the CPs of various other Tϭ3 icosahedral viruses are believed to function as scaffolds important for particle stability and virus assembly (5, 32, 33) . The ε region of the CNV arm extends from the ␤ region and continues along the inner face of the S domain. It has been suggested that the ε region may serve to bind RNA within the capsid, contribute to the stability of the swollen form of the particle at the quasi twofold axis, and, due to its ordered or disordered state in C or A/B subunits, respectively, contribute to quasi-equivalence (12, 24, 35) .
The CP of CNV, as well as that of several other tombusviruses, is not required for cell-to-cell movement (29, 31) ; however, systemic movement of unencapsidated viral RNA is delayed compared with that of encapsidated RNA (31) . Previous work has shown that specific regions of the S and P domains of the CNV capsid are involved in fungal transmission (15, 23) and that the defects are due, at least in part, to inefficient attachment of virions to the zoospore surface (15, 23) . Kakani et al. (17) have shown that zoospore-bound CNV is conformationally different from native CNV particles and that a CP mutant with a Pro-to-Gly change in the arm near the ␤ and ε junction that is incapable of swelling was not being fungally transmitted, suggesting that swelling is required for transmission. These findings have been related to the possible role of particle swelling during virus disassembly as has been suggested by others (14, 17) . In this study, we have generated CNV CP arm mutants to examine the role of the "␤" and "ε" regions of the arm in virus infection, focusing on particle accumulation, stability, and vector transmission.
MATERIALS AND METHODS
Isolation and purification of virus. CNV (pK2/M5) was maintained by mechanical passage in Nicotiana benthamiana or Nicotiana clevelandii as previously described (23) . A "miniprep" procedure was employed to partially purify wildtype (WT) CNV and CNV mutants from single infected leaves for use in the initial screenings and for subsequent assays (23) . The concentration of virus was determined by electrophoresis of several dilutions through a 1% agarose gel buffered in 80 mM Tris-80 mM borate, pH 8.3, followed by staining with ethidium bromide (EtBr) in electrophoresis buffer containing 1 mM EDTA. Purification of virus from larger amounts of leaf tissue (100 to 250 g) was carried out by a differential centrifugation method previously described (15) . Virus pellets were resuspended in 10 mM sodium acetate buffer (pH 5.0), and virus concentration was determined spectrophotometrically (absorbance at 260 nm of a 1-mg/ml suspension of CNV is 4.5.)
In vitro transcription. T7 polymerase runoff transcripts from full-length cDNA clones of CNV were generated by a method previously described (26) . Transcripts were used immediately to inoculate leaves of 3-to 4-week-old N. benthamiana plants. Aliquots of transcript reaction mixtures were routinely examined by agarose gel electrophoresis to assess the quality and quantity of transcripts produced.
Leaf RNA extraction. Infected leaves were ground to a powder in liquid nitrogen, and RNA was extracted with phenol-chloroform in buffer containing 100 mM Tris, 100 mM NaCl, and 10 mM EDTA, pH 7.5, along with 0.5% sodium dodecyl sulfate (SDS) and 5% 2-mercaptoethanol.
Site-directed mutagenesis. In vitro mutagenesis was used to produce the following CNV CP arm mutants: arm(Ϫ), 15␤(Ϫ), 18␤(Ϫ), 16ε(Ϫ), and 19ε(Ϫ). An EcoRI/NcoI fragment, encompassing the CNV CP and flanking regions in a full-length infectious cDNA clone of CNV (pK2/M5) (26) , was excised and subcloned into EcoRI/NcoI-digested pT7 blue (Novagen) and used as a template for oligonucleotide-directed in vitro mutagenesis (8) . Primers used to create the deletion mutants are described in Table 1 . Subclones bearing mutations were digested with EcoRI and NcoI and cloned into pK2/M5, which was then used as a template to form full-length infectious clones. The sequences between the EcoRI and NcoI sites were confirmed by sequence analysis.
Analysis of the CP subunit. Electrophoresis of protein from purified mutant particles was performed using SDS containing 12% polyacrylamide gels according to the method of Laemmli (18) to verify correct protein size.
Virion RNA extraction. RNA was extracted from purified ␤(Ϫ) mutant particles using 10 mM EDTA and phenol-chloroform-1% SDS in 50 mM Tris buffer (pH 8.8) as previously described (27) .
In vitro swelling. WT CNV, 15␤(Ϫ), and 18␤(Ϫ) virions (500 ng virus/20 l) were swollen in 50 mM sodium phosphate buffer (pH 7.6) containing 25 mM EDTA at room temperature for 30 min.
Electron microscopy. Purified virus was negatively stained with 2% uranyl acetate. Each sample was applied to a collodion-covered copper grid and allowed to absorb for 1 min. Samples were viewed at 27,000ϫ to 80,000ϫ magnification in a JEOL 100CX transmission electron microscope (TEM) operated at 80 kV.
Fungus transmission assay. O. bornovanus isolate SS196 was maintained on cucumber roots (Cucumis sativus cv. Poinsette 76) as previously described (23) . Purified 15␤(Ϫ) and 18␤(Ϫ) virions were tested for transmission by O. bornovanus zoospores as previously described (15) . Virus (1 g) was incubated with 10 ml of zoospores (10 5 /ml in 50 mM glycine, pH 7.6). After a 15-min acquisition period, the mixture was poured into pots containing 14-to 16-day-old cucumber seedlings. Five days later, roots of cucumber seedlings were tested for the presence of CNV by double-antibody-sandwich enzyme-linked immunosorbent assay (ELISA) using polyclonal antisera raised to CNV particles. Each transmission experiment included a WT CNV control, to determine any background level of CNV transmission in the absence of zoospores, and an aviruliferous zoospore control to confirm the absence of contaminating virus in zoospore preparations. Each assay was replicated three times.
In vitro binding assay. An in vitro binding assay was performed to determine the ability of mutant virus to bind to zoospores of O. bornovanus (15) . One hundred micrograms of purified virus was incubated with 5 ϫ 10 5 zoospores in 1 ml of 50 mM sodium phosphate binding buffer (pH 7.6) for 1 h at room temperature. Following incubation, zoospores were pelleted by centrifugation at ϳ2,700 ϫ g for 7 min. The pellet was washed with 1.5 ml of binding buffer and then resuspended in sterile, deionized water. The zoospore pellet was assayed for the presence of virus by Western blot analysis using CNV monoclonal antibody 57.2 (specific to the CNV R domain) (23) and an enhanced chemiluminescence detection system (Amersham Biosciences). The quantity of virus in the pellet was assessed by densitometric analysis of exposed film using the ImageQuant TL program (Amersham Biosciences).
Thermal stability and RNase sensitivity assays. Purified WT CNV and 18␤(Ϫ) virions were assayed for thermostability by incubating 1 g of virus (in 10 mM sodium acetate, pH 7.2) for 30 min at 4°C, 26°C, 37°C, 42°C, 55°C, 60°C, 70°C, and 100°C. Particles were immediately examined by electrophoresis using a 0.7% agarose gel at 90 V for 1.5 h. Virion RNA was visualized by staining with ethidium bromide and virion protein by subsequent staining with Coomassie brilliant blue. RNase assays were conducted by incubating 1 g of 18␤(Ϫ) virions with 10 ng of pancreatic RNase A after incubation at 70°C for 30 min or after incubation at 26°C for 30 min, followed by incubation at 26°C for 30 min. A negative control assay in which particles were incubated without RNase A at 70°C for 30 min, followed by incubation at 26°C for 30 min, was performed. Virions were electrophoresed and stained as described above.
RESULTS
Role of the ␤ and regions of the CNV CP arm in particle accumulation. Five CP arm deletion mutants were produced to assess the role of the ␤ and ε regions of the arm in particle accumulation (Fig. 1A) . Transcripts of each arm mutant were used to inoculate leaves of N. benthamiana plants, and plants were monitored for symptom induction. Both the 15␤(Ϫ) and 18␤(Ϫ) mutants produced symptoms typical of WT CNV, resulting in necrotic lesions on inoculated leaves and subsequent systemic necrosis and death of the plants within 5 to 6 days postinoculation (dpi) (data not shown). The arm(Ϫ), 16ε(Ϫ), and 19ε(Ϫ) mutants produced necrosis on the inoculated leaves, but systemic necrosis was delayed in comparison to that of WT CNV, appearing 10 to 14 dpi (data not shown). Mutantinfected plants were then tested for the presence of viral genomic RNA and production of virions. Figure 2A shows an electropherogram of the total leaf RNA extracts of each of the mutants and indicates that viral genomic RNA is readily observed in each mutant-infected plant. In addition, truncated genomic RNA (which lacks the CP-coding regions [data not shown]) was occasionally observed in ε(Ϫ) mutants ( Fig. 2A , (Fig. 2B, lanes 4 and 5) , whereas particles were not observed in leaves infected with arm(Ϫ), 16ε(Ϫ), and 19ε(Ϫ) mutants (Fig. 2B, lanes 3, 6 , and 7). The yields of 15␤(Ϫ) and 18␤(Ϫ) virions from infected plants at 5 dpi were determined, and the yields of both were found to be approximately 18% of that of WT CNV. SDSpolyacrylamide gel electrophoresis analysis was conducted to confirm the presence of the deletions in the CP subunits of purified 15␤(Ϫ) and 18␤(Ϫ) particles. As seen in Fig. 2C , the CPs of both mutants show the expected increase in mobility relative to that of WT CNV CP. Virions of ␤(Ϫ) deletion mutants purified from infected plants were analyzed for the presence of viral genomic RNA. Agarose gel electrophoresis demonstrated that genomic RNA was present in both 15␤(Ϫ) and 18␤(Ϫ) virions (data not shown). ␤(Ϫ) mutant particles were also visualized using TEM. Negatively stained particles were found to be grossly similar to those of WT CNV particles; however, ␤(Ϫ) mutant particles appeared more hexagonal in shape than CNV particles and also exhibited more densely stained centers (Fig. 3) .
Particles of CNV ␤(؊) mutants are not transmissible by O. bornovanus. Particles purified from plants infected with 15␤(Ϫ) and 18␤(Ϫ) mutants were analyzed for their ability to be transmitted by O. bornovanus to roots of cucumber seedlings. Transmission efficiency was scored by assessing the number of pots infected with virus (as determined by ELISA of cucumber root extracts) versus the number of pots inoculated. Results of the transmission assays indicated that 30 of 30 pots (100% efficiency) inoculated with CNV-zoospore mixtures became infected with WT CNV, whereas 0 of 30 pots (0% efficiency) became infected when either 15␤(Ϫ) or 18␤(Ϫ) zoospore mixtures were used (Fig. 4) . These results suggest that the ␤ annulus may have an important role in virus transmission, an effect that may be confounded by the relatively low level of particle accumulation as described above.
CNV 18␤(؊) mutants show decreased binding to zoospores in vitro. The 18␤(Ϫ) mutants were assessed to determine whether the lack of transmissibility may be at least partly due to an inefficient ability of mutant particles to bind zoospores. To do this, a previously developed in vitro virus/zoospore binding assay was utilized (15, 23) . One hundred micrograms of either WT CNV or 18␤(Ϫ) particles was incubated with 5 ϫ 10 5 zoospores for 1 h, followed by low-speed centrifugation to pellet zoospores and washing to remove unbound or nonspecifically bound virus (15) . The amount of bound virus in the pellet was then determined by Western blot analysis, followed by densitometry. Figure 5 shows that a lower level of 18␤(Ϫ) particles (approximately 41% of that of WT CNV) was found in the zoospore pellet, suggesting that the lack of transmission of CNV 18␤(Ϫ) particles may be at least partly due to a reduced ability to stably attach to zoospores during the transmission process.
␤(؊) particles disassemble at alkaline pH in the presence of EDTA. Many icosahedral viruses undergo structural expansion in vitro when incubated at alkaline pH in the presence of EDTA (24) . To assess the role of the ␤ annulus in particle stability under swelling conditions, ␤(Ϫ) mutant particles were incubated with EDTA at pH 8.0 and analyzed by TEM. WT CNV particles were slightly enlarged with electron-dense centers, as expected. However, few intact particles were observed in similarly treated ␤(Ϫ) particles; instead, discrete areas of stained material with no specific structural features were observed (Fig. 3) . These results suggest that particles lacking the CP ␤ annulus disassemble under swelling conditions. 
18␤(؊) particles are less thermally stable than WT CNV.
The stability of 18␤(Ϫ) mutant particles was further investigated by analyzing virions subjected to heat treatment. Mutant particles were incubated at increasing temperatures, followed by assessment of particle integrity by agarose gel electrophoresis. Virion RNA was visualized by ethidium bromide staining and capsids by subsequent staining with Coomassie brilliant blue (Fig. 6) . Stained gels of WT CNV revealed a single band at all temperatures examined (except at 100°C, at which no band was observed). However, stained gels of 18␤(Ϫ) mutant particles incubated at 55°C, 60°C, and 70°C revealed two bands, one that comigrated with WT CNV particles and a second that migrated slightly faster (Fig. 6A, panels a and b,  lanes 13 to 15) . The faster-moving band stained with both EtBr and Coomassie blue, indicating that it is a ribonucleoprotein (Fig. 6A, panels a and b, lanes 13 to 15) . In addition, the second band did not comigrate with virion RNA of 18␤(Ϫ) mutant particles (Fig. 6A, panel a, on July 12, 2017 by guest http://jvi.asm.org/ gel electrophoresis showed that the addition of RNase to 18␤(Ϫ) mutant particles immediately after incubation at 70°C resulted in the disappearance of the faster-moving ribonucleoprotein species in both the EtBr-and the Coomassie bluestained gels (Fig. 6B, panels a and b , compare lane 4 with lane 6); however, particles incubated at 26°C were not RNase sensitive (Fig. 6B, panel a, lane 5) . Also, WT CNV particles were not RNase sensitive at either temperature (Fig. 6B, lanes 2 and  3) . Together, these results suggest that the ␤ region of the CP arm contributes to the thermal stability of CNV virions and that virion RNA of 18␤(Ϫ) virions becomes exposed in the thermally destabilized state. In addition, the complete loss of 18␤(Ϫ) particle integrity following RNase treatment indicates that virion RNA contributes, at least in part, to structural stability. Heating WT CNV particles to 70°C resulted in slightly slower mobility on agarose gels (Fig. 6A, panels a and b, lane  6, and Fig. 6B, panels a and b, lanes 1 and 3) . The slower mobility might be due to expansion similar to that observed when WT particles are subjected to alkaline pH and EDTA (Fig. 3) .
TEM analysis was performed to directly visualize the effects of 55°C and 70°C treatment on 18␤(Ϫ) mutant particles (data not shown). Alterations to the particles were not apparent. However, due to our observation that the majority of the particles remain unchanged, as determined by agarose gel electrophoresis ( Fig. 6A and B, lanes 13 to 15 and lane 4, respectively), and the possibility that the heat treatment could make the particles morphologically unidentifiable, it would be difficult to assess whether any change in structure could actually be observed.
DISCUSSION
There are few in vivo studies that delineate the role of the individual CP domains of icosahedral plant viruses in particle assembly and transmission. Based on structural studies, the tombusvirus particle has been postulated to be stabilized, in part, by the ␤ annulus located at the threefold axis as well as by calcium-mediated subunit-subunit interactions and RNA (10, 12) . The remaining residues of the arm (the ε region) are likely important for virion RNA binding (35) and for the conformational switching required for Tϭ3 particle formation (10) . In this study, we examined the significance of the ␤ and ε regions of the CNV arm in particle accumulation in plants as well as in the ability of the particles to be fungally transmitted. Our studies indicate that the ␤ region is not essential for CNV particle accumulation in plants, whereas the ε region is. However, the presence of the ␤ region does contribute to both particle stability and fungal transmissibility.
CNV ␤(Ϫ) particles accumulate to 18% of those in WT virus in N. benthamiana, suggesting that the ␤ region of the CP arm plays an important role in particle assembly and/or stability but is not absolutely required. It has been suggested that Turnip crinkle virus assembly initiates with the formation of a complex consisting of a trimer of C/C dimers that is stabilized by the ␤ annulus and possibly virion RNA attachment as well (13, 32, 36) . The formation of CNV Tϭ3 particles that lack the CP ␤ region in plants demonstrates that the ␤ annulus is not absolutely required for CNV particle stability or assembly initiation, and therefore, additional factors, such as interactions with viral RNA, may also play an important role. The CP ␤ region is highly hydrophobic and therefore is unlikely to interact directly with viral RNA. However, the upstream R domain sequences and the downstream ε region that immediately flank the ␤ region likely do bind RNA, as they contain clusters of basic amino acids (32, 35) ; thus, RNA-protein interactions that are expected to occur in each of the three C-C subunits at the threefold axis could substantially increase the stability of this complex during assembly initiation and/or within assembled particles. However, it is still possible that CNV assembly may be initiated by a pentamer of A/B subunits, possibly as an alternative mode of assembly. Comparable to our findings, mutational analyses of Cowpea chlorotic mosaic virus mutants lacking the ␤ hexamer (which is functionally similar to the CNV ␤ annulus) revealed that the ␤ hexamer is not required for virion formation, suggesting that assembly initiation can occur via pentamers of A/B dimers (33, 37) . Similar results obtained by in vitro studies of the assembly of a sobemovirus capsid (Sesbania mosaic virus), where it was shown that the ␤ annulus is also not required for formation of Tϭ3 capsids, have recently been reported, suggesting that assembly could initiate via pentamers as suggested for Cowpea chlorotic mosaic virus (30) .
Our observation that ␤(Ϫ) mutant particles accumulate at a relatively low level could be due to reduced particle stability following assembly. This notion is supported by our findings that ␤(Ϫ) mutant particles disassemble under in vitro swelling conditions (Fig. 3 ) and that they are more heat labile than WT CNV particles (Fig. 6A ) (see below). The lack of particle accumulation in plants infected with either arm(Ϫ) or ε(Ϫ) mutants is consistent with the role of the ε region of the arm in virion RNA binding and quasi-equivalence (10, 11) . This result is also consistent with our previous finding (17) that a prolineto-glycine mutation at CNV CP aa 85, which lies in the ε region close to the arm/shell junction and which may control the flexibility of the arm, which is required for quasiequivalent interactions, also results in little or no observable particle accumulation. The 18-amino-acid sequence of the ε region is highly basic, containing five Lys or Arg residues, and is therefore likely to bind RNA along the inner lining of the shell (35) . Thus, an additional crucial role for this region may be in the assembly initiation and/or stabilization of subunit interactions during or following assembly, as has been suggested in the case of TCV (32, 37) . Our in vivo experiments would not be able to distinguish between an alternate or dual role for the ε region.
In vitro transmission assays showed that ␤(Ϫ) mutant particles are not transmitted by zoospores of O. bornovanus (Fig.  4) . In addition, in vitro binding assays indicate that fewer ␤(Ϫ) particles bound zoospores (41% of those found using WT CNV virions) (Fig. 5) . Loss of transmissibility could be partly a result of reduced accumulation of virus following transmission, although the 85% reduction in accumulation observed in N. benthamiana plants may not be sufficient on its own to completely account for the loss of transmission. Figure 3 shows that ␤(Ϫ) mutant particles partially disassemble under swelling conditions. This observation, in conjunction with the observation that WT CNV particles undergo swelling upon zoospore binding (17) , suggests that at least part of the basis for reduced binding to zoospores is due to the instability of ␤(Ϫ) mutant particles following zoospore binding. We have recently postulated that the ␤ region of the CNV A or B subunit may contribute to the stability of virus/zoospore binding, which is similar to that suggested for the analogous region of the poliovirus CP upon virion binding to host cells (17) . Thus, the approximately twofold reduction of zoospore binding may be a result of the absence of the postulated stabilizing effect of the ␤ region.
Our observation that 18␤(Ϫ) particles heated to high temperatures have altered electrophoretic mobilities and are RNase sensitive suggests that the ␤ region contributes to particle stability and that virion RNA is exposed in the heatdestabilized form. It is likely that the absence of the ␤ annulus is largely responsible for the decreased stability, which is similar to that observed under swelling conditions. The absence of the ␤ regions in the A and B subunits might also contribute to some loss of stability by influencing other aspects of virus particle structure. Attempts were made to observe the morphology of the heat-destabilized form using TEM. Particles with discernibly different structures were not observed; however, as Fig. 6 shows, these may simply correspond to the unaltered particles present in 50°C-and 70°C-treated preparations. It is noted that thermal particle stability in vitro was assessed at temperatures not typical for normal virus replication, and therefore, the significance of these results for virion assembly or stability under natural conditions is not known.
Interestingly, WT CNV virions heated to 70°C result in a slower-migrating form of the particles that are not RNase sensitive ( Fig. 6A and B, lanes 6 and 3, respectively) . WT CNV particles that have been swollen in vitro also migrate more slowly on agarose gels (data not shown), raising the possibility that the heat-labile form of WT CNV is similar in some respects to the expanded form.
It has been found that Tϭ1 particles can form from the modified CPs of several Tϭ3 viruses by the removal of the portion of the capsid that enables the quasi-equivalent interactions between subunits required for Tϭ3 particle formation (6, 19, 20, 32) . Flexibility of the ε region of the CNV CP arm is required for quasi-equivalent subunit interactions in Tϭ3 particle formation, whereas such flexibility is not required for Tϭ1 formation. The presence of Tϭ1 particles in arm(Ϫ) and ε(Ϫ) mutant infections was evaluated using a variety of methods, including TEM and sucrose gradient fractionation; however, unequivocal evidence for the presence of Tϭ1 particles was not obtained. Tϭ1 particle formation also was not observed following the deletion of a Flock house virus CP region believed responsible for ordered subunit contacts (5) .
It has been estimated that a Tϭ1 capsid can accommodate a maximum of approximately 1 kb of RNA (5). Therefore, it is possible that the inability to form Tϭ1 particles in arm(Ϫ) and ε(Ϫ) infections is due to the lack of small viral RNA species in infected leaves. To test this possibility, plants were coinoculated with the arm(Ϫ) or ε(Ϫ) mutants and either of two CNV defective interfering RNAs (425 and 622 nucleotides) (7). Although both defective interfering RNAs were found to accumulate to high levels in infections with either the arm(Ϫ) or the ε(Ϫ) mutant, Tϭ1 particles were not observed (unpublished observations). Since the ε region is highly basic and is likely to play a role in binding RNA (35) , it is unlikely that Tϭ1 particles can be formed during infection. It should be noted that many of the studies that have demonstrated the production of Tϭ1 particles by various virus capsids were conducted in vitro, and thus, the conditions leading to the assembly of these particles may not be as stringent as those encountered in vivo.
Our study is unique in that it provides important in vivo information and refines our understanding of the role of the ␤ and ε regions of the CP arm in virus particle accumulation and stability. Our data are also consistent with the notion that viral RNA plays an important role in particle assembly and/or stability. In addition, our findings further suggest that the ␤ annulus and/or the ␤ region itself may be important for the stability of the expanded form of the CNV particle during fungal transmission.
